Background--Arterial blood pressure is dependent on interactions between the heart and arteries. Resistive and pulsatile components of arterial load can be assessed by systemic vascular resistance (SVR, a microvascular property) and the ratio of stroke volume to pulse pressure (a surrogate of total arterial compliance, TAC), respectively. The relationship between arterial function and cardiovascular events in populations without cardiovascular disease is unknown.
A rterial blood pressure is determined by the interaction between the left ventricle and the load imposed by systemic arteries (arterial load). There are 2 broad components to arterial load: resistance, provided largely by the microcirculation, and pulsatile load, dependent on conduit vessels. The resistive component of arterial load (systemic vascular resistance, SVR) can be computed simply as the ratio of mean arterial pressure/cardiac output. Pulsatile load is complex and time varying, and can be assessed with detailed modeling of aortic pressure-flow relations. 1 A more readily available index of pulsatile arterial load, mainly related to total arterial compliance, is the ratio of stroke volume/pulse pressure (SV/PP). The relationship between these resistive and pulsatile components of arterial load and cardiovascular events (CVE) in healthy populations has not been thoroughly assessed. Although elevated SVR and arterial pressure are clearly relevant for cardiovascular outcomes, a derangement in pulsatile arterial hemodynamics may predict cardiovascular risk earlier, more accurately, or be associated with a different spectrum of morbidities. [2] [3] [4] [5] Most previous studies have assessed pulse pressure compared with mean arterial pressure as a predictor of cardiovascular outcomes. [6] [7] [8] However, the determinants of pulse pressure and mean arterial pressure extend beyond large arterial properties and microvascular resistance, and depend also on the flow generated by the heart (stroke volume and cardiac output). SVR and TAC are, in contrast, measures of arterial function. An understanding of arterial properties that determine mean or pulsatile arterial pressure may provide incremental risk stratification, 9 refinement of cardiovascular disease phenotypes, 10, 11 or even identify suitable targets for earlier preventive strategies. The goal of the present study is to assess the relationship between SVR and SV/PP to cardiovascular events (CVE) in the Multi-Ethnic Study of Atherosclerosis (MESA).
Methods

Study Population
The MESA study design has been previously described. 12 Briefly, MESA is a prospective observational cohort study designed to identify the prevalence, risk factors, and progression of subclinical atherosclerosis in a diverse population. Individuals from different ethnic groups (white, Chinese, black, Hispanic) aged 45 to 84 years, without clinically apparent cardiovascular disease, were recruited between July 2000 and August 2002 from 6 geographical centers across the United States. All participants were between the ages 44 and 84 and provided informed consent. MESA was approved by the institutional review boards at each recruiting center.
Data and Laboratory Collection
Demographic and clinical variables (medical history, ethnicity, medication use) were obtained by standardized questionnaires. Smoking was determined by patient history, and categorized as current, former, or never. Cardiovascular events were defined as any of the following: myocardial infarction, fatal coronary heart disease, angina if followed by revascularization, resuscitated cardiac arrest, stroke, and other atherosclerotic death. Follow-up events were derived from telephone contact every 9 to 12 months. Moreover, 2 physicians independently reviewed copies of medical records and death certificates for hospitalizations and outpatient diagnoses using pre-specified criteria. 13 
Measures of Arterial Load
Left ventricular stroke volume was assessed by magnetic resonance imaging (MRI) at 6 centers using 1.5-Tesla magnets during a separate visit, with low inter-observer variability as previously described. 15 Stroke volume was defined as the difference between left ventricular end-diastolic and endsystolic volume measured in a stack of gradient-echo shortaxis cine acquisitions. Total arterial compliance (mL/mm Hg) was estimated using the left ventricular stroke volume divided by brachial arterial pulse pressure (average of systolicdiastolic blood pressure before and after MRI). Systemic vascular resistance was derived as the ratio of mean brachial arterial pressure (29diastolic blood pressure/systolic blood pressure, averaged from pre-and post-MRI values) divided by MRI-derived cardiac output. 17 Sequential models with Cox proportional hazards were employed as follows: Model 1 is corrected for age, gender, race, height, and weight; Model 2 additionally incorporates hypertension, total LDL and HDL cholesterol, triglycerides, diabetes, smoking status, eGFR, and hypertension therapy. Tertiles of SVR and SV/PP were compared using analysis of variance. In order to investigate whether or not arterial load differed with respect to demographic or clinical risk factors, we divided the spectrum of SVR and SV/PP into tertiles. We chose to deem the middle tertiles referent to avoid potential confusion by introducing presumed lowest (top tertile for SVR and bottom tertile for SV/PP) or highest (bottom tertile for SV/PP and the top SVR tertile) risk categories. All tests were 2-sided with alpha=0.05. Analyses were performed with SPSS (v 19.0; SPSS Inc, Chicago, IL). Model discrimination was assessed with the Harrel's c-index (which is analogous to the area under the receiver-operator-characteristic curve). 18, 19 Improvements in subject reclassification by the hemodynamic parameters of interest was further assessed using the category-free net reclassification improvement (NRI), which depends on the increased probability that a new model will categorize case subjects as higher-risk and decreased probability that it will categorize control subjects as lower-risk, compared to a base model. [18] [19] [20] We also computed the integrated discrimination improvement (IDI), which expresses the improvement in discrimination slopes (mean difference in predicted probabilities between case and control participants) between the base model and new model. [18] [19] [20] [21] and IDI were computed at 5 years of follow-up using the R package survIDINRI. 22 
Statistical Analyses
Results
There were 4806 participants in MESA with cardiac MRI data. Among these, the median age was 61 and 48% were female while 39% were Caucasian, 25% African American, 22% Hispanic and 13% Chinese. Three hundred and fifty-eight participants (7.4%) had a CVE at a mean follow-up of 7.5 years ( Table 1) . The mean SVR across the study population was 18.0AE5.4 mm Hg9min/L (SVRi 10.0AE3.6 mm Hg9min/L), and mean SV/PP was 1.8AE0.6 mL/mm Hg (SV/PPi 0.96AE0.30 mL/beat9m 2 9mm Hg). In order to investigate whether or not arterial load differs with respect to demographic or clinical risk factors, we divided the spectrum of SVR and SV/PP into tertiles and deemed the middle tertile referent. Those with increased arterial load (high SVR tertile, lowest SV/PP tertile; Table 2 ) tended to be older with higher mean arterial pressure and lower eGFR. Females tended to have higher SVR and lower SV/PP, even when indexed to body surface area. There was no relationship between SVR tertiles and conventional cardiovascular risk factors. In contrast, participants with reduced SV/PP were more likely diabetic with a history of hypertension (Table 2) . SV/PP, but not SVR, was independently associated with incident CVEs in unadjusted models. After adjustment for age, gender, race, height and weight, hypertension, total LDL and HDL cholesterol, triglycerides, diabetes, smoking status, eGFR, and hypertension therapy, a 1-SD increase in SV/PP remained was associated with a reduced risk of CVEs (HR 0.73; 95% CI 0.61 to 0.88; P<0.001; Table 3 ). There was no significant interaction between SV/PP and hypertension, hypertension stage (I to III), diabetes, or current smoking (all P>0.05). The addition of SV/PP to a model containing age, gender, race, weight, height, LDL cholesterol, HDL cholesterol, triglycerides, smoking, diabetes mellitus, hypertension, antihypertensive medication use, estimated glomerular filtration rate, and SVR, resulted in a category-free NRI of 0.20 (95%CI=0.05 to 0.38; P=0.02) and an integrated discrimination improvement of 0.004 (95%CI=0.001 to 0.01; P=0.007). The Harrel's C of the full model was 0.77.
When only hard CVEs (cardiovascular death or myocardial infarction) were considered, there remained a significant association with SV/PP in unadjusted (HR 0.58; 95% CI 0.46 to 0.73; P<0.001) and fully adjusted models (HR 0.60; 95% CI 0.45 to 0.81; P=0.001). There was no significant relationship between SVR and hard CVE (P>0.05 for all models). Figure shows Kaplan-Meier curves for CVE-free survival among participants stratified by tertiles of SV/PP and SVR. The greatest incidence of CVE was observed among those with the lowest SV/PP.
Discussion
Herein we demonstrate a significant relationship between SV/ PP, and subsequent CVE in a healthy population without known cardiovascular disease. This relationship was independent of (37) 570 (36) 577 (39) 566 (38) 600 (40) African American 432 (27) 410 (26) 454 (24) 441 (30) 382 (26) 283 (19) Chinese American 102 (6) 221 (14) 315 (20) 135 (9) 218 (15) 258 (18) Hispanic American 348 (22) 277 (24) 340 (21) 339 (23) 327 (22) 352 (24) Hemodynamic variables (12) 97 (7) Never smoker 754 (47) 835 (52) 876 (55) 767 (52) 758 (51) 795 (53) Past smoker 626 (39) 566 (35) 525 (33) 555 (37) 530 (36) 508 (34) Current smoking 219 (14) 197 (12) 194 (12) 167 (11) 200 (13) 189 (13) Hypertension 519 (32) 556 ( Standardized hazard ratios represent difference per standard deviation of the dependent variable. All CVE includes myocardial infarction, fatal coronary heart disease, angina if followed by revascularization, resuscitated cardiac arrest, stroke, and other atherosclerotic death. Model 1 is corrected for age, gender, race, height, and weight; Model 2 additionally incorporates hypertension, LDL and HDL cholesterol, triglycerides, diabetes, smoking status, eGFR, and hypertension therapy. CVE indicates cardiovascular events; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; HR, hazard ratio; LDL, low-density lipoprotein.
conventional cardiovascular risk factors including hypertension. In contrast to pulsatile arterial load, resistive arterial load (SVR) was not related to subsequent CVE. Hypertension is an established risk factor for cardiovascular disease. [23] [24] [25] Although derangements in the resistive (SVR) and pulsatile (SV/PP) components of blood pressure are observed in tandem with aging and hypertension, 26 SVR and SV/PP have anatomical and physiological distinctions. The pre-capillary small vessels, or "resistance" vessels moderate the greatest hydrostatic pressure decrease in the circulation and are thus the primary determinants of SVR. 27 In contrast, larger conduit vessels do not provide considerable resistance, but rather serve to accommodate and buffer stroke volume, which under normal circumstances protects the microcirculation from wide swings in pulse pressure. 28 In addition to these distinctions, SVR and SV/PP may respond differently to pharmacological and lifestyle interventions. [29] [30] [31] Therefore, blood pressure is a composite measure, and it is important to assess the pathophysiologic determinants of blood pressure that primarily relate to cardiovascular risk. Others have identified relationships between SV/PP and CVE among those with cardiovascular disease. For example, reduced SV/PP is an independent predictor of CVE and allcause mortality among patients with hypertension. [32] [33] [34] Among individuals with type 2 diabetes reduced SV/PP was associated with overall mortality independent of blood pressure. 35 To our knowledge, our study is the first to assess the predictive value of SV/PP versus SVR in a population without established cardiovascular disease. We demonstrate that greater total arterial compliance, but not SVR, is independently associated with CVE in this large multi-ethnic population. Our findings support the concept that alternations in the large conduit vessels, rather than changes in microvascular resistance, are primarily related to incident cardiovascular disease. Our findings are consistent with previous studies demonstrating that increased carotid-femoral pulse wave velocity (a measure of aortic wall stiffness) is predictive of CVE and mortality in healthy and at-risk populations. 28, 36 However, these previous studies did not simultaneously assess SVR. Furthermore, we note that SV/PP and carotidfemoral pulse wave velocity are not interchangeable. SV/PP is dependent on the compliance of the entire arterial tree, which is dependent on arterial wall stiffness, arterial size and is composed of contributions of both large and muscular arteries.
1
Reduced arterial compliance occurs with aging, and is more common among those with diabetes, renal disease, atherosclerosis 28, 31, 37 and those at risk for future hypertension. 38 In the present study, reduced SV/PP was associated with advanced age, and a greater prevalence of risk factors for atherosclerosis (diabetes and hypertension). Although we did not include subclinical atherosclerosis in the present analysis, reduced SV/PP was reported among those with occult lower extremity peripheral vascular disease in the same cohort. 39 Similarly, others have reported a significant inverse relationship between the amount of thoracic aortic calcium and aortic distensibility. 40 Although arterial stiffness and atherosclerosis frequently are identified together, alterations in arterial load and CVE have been described independent of atherosclerosis and often precede the clinical emergence of many risk factors for atherosclerosis. 41, 42 Our study should be interpreted in the context of its strengths and limitations. The strengths of the present study include its large, multiethnic sample, highly accurate stroke volume measures (based on cardiac MRI) and the availability of temporally proximate assessments of stroke volume and blood pressure measurements. The concepts presented here should be studied in other cohorts to assess external validity. The observational nature of the study, however, does not permit assessments of causality. The absence of known cardiovascular disease was a criterion for participation in MESA, the observations herein cannot necessarily be extended to individuals or populations with known cardiovascular disease. Furthermore, we did not perform detailed central arterial pressure-flow analyses, which would have allowed a more detailed assessment of pulsatile arterial load and incident risk. This should be a goal for future research.
In conclusion, increased arterial load manifest by reduced SV/PP, but not increased SVR, is associated with CVE in adults from the general population without clinically evident cardiovascular disease. This implicates early derangements in the conduit vessels, not microvascular resistance, as partial determinates of future cardiovascular risk.
